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CIh' Abstract: We study the spectrum, couplings and cosmological and astrophysical impli- 

pi • cations of the moduli fields for the class of Calabi-Yau IIB string compactifications for 

^ ■ which moduli stabilisation leads to an exponentially large volume V ~ 10^^/^ and an inter- 

mediate string scale m<j ~ 10^^ GeV, with TeV-scale observable supersymmetry breaking. 
, All Kahler moduli except for the overall volume are heavier than the susy breaking scale, 

\ with m ~ ln(Mp/m3/2)?77-3/2 ~ (ln(Mp/m3/2))^?7isttsy ~ 500 TeV and, contrary to stan- 

\^ \ dard expectations, have matter couplings suppressed only by the string scale rather than 

' the Planck scale. These decay to matter early in the history of the universe, with a reheat 

• ' temperature T ~ 10 ''GeV, and are free from the cosmological moduli problem (CMP). The 

■ heavy moduli have a branching ratio to gravitino pairs of 10"'^*' and do not suffer from 

. the gravitino overproduction problem. The overall volume modulus is a distinctive feature 

of these models and is an Mpia„cfc-coupled scalar of mass m ~ 1 MeV and subject to the 
CMP. A period of thermal inflation may help relax this problem. This field has a lifetime 
XI' r ~ lO^^s and can contribute to dark matter. It may be detected through its decays to 77 

\ or e"'"e~. If accessible the e"'"e~ decay mode dominates, with Br(x — > 77) suppressed by a 

factor (ln(Afp/m3/2)) • We consider the potential for detection of this field through differ- 
ent astrophysical sources: the Milky Way halo, the diffuse cosmic background and nearby 
galaxy clusters and find that the observed gamma-ray background constrains < 10~^. 
The decays of this field may generate the 511 keV emission line from the galactic centre 
observed by INTEGRAL/SPI. 
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1. Introduction 

It is an old and hard problem to connect string compactifications to observational physics. 
The principal difficulty is that the compactification energy scales are usually much larger 
than those directly accessible to experiment. However, we are helped by the fact that 
compactifications do have generic and model-independent features. One such feature is the 
presence of a moduli sector, consisting of many gravitationally coupled scalar fields. String 
moduli are naively massless particles and as such would give rise to unobserved fifth forces. 
It is therefore necessary that they receive a mass and the generation of flux-induced moduli 
potentials has been an active topic of research over the last few years (for review articles 
see |,g|,i). 
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As the moduli determine the vacuum structure, models with stabilised moduli are a 
prerequisite for doing string phenomenology. One direction of research, looking towards 
particle physics, has been to study the structure of supersymmetry-breaking terms that 
arises, as such terms can only be calculated once the vacuum has been identified. However, 
moduli can also play an important role in cosmology. Open and closed string moduli 
have recently been used to build inflation models within string theory. Moduli tend to 
be good candidates for inflatons, as they are flat prior to supersymmetry breaking and 
are ubiquitious in string models as scalar fields which interact gravitationally and are 
singlets under the standard model gauge group. If sufficiently long-lived, moduli could 
also contribute to dark matter. However, moduli also cause cosmological problems. Their 
relatively weak, gravitational-strength interactions imply that moduli are either stable or 
decay late in the history of universe, and in the presence of low-energy supersymmetry 
generic moduli either spoil nucleosynthesis or overdose the universe. 

It is helpful to re-examine late-time (i.e. post-inflationary) modular cosmology in the 
context of the explicit models of moduli stabilisation that have been developed. Examples 
of work in this direction are fS], ^, |^, ^, In making contact with phenomenology one 
promising class of compactifications are the large- volume models developed in | p!o| , II |. 



These occur in flux compactifications of IIB string theory with D-branes and orientifold 
planes, with the consistent inclusion of both ol and nonperturbative corrections. These 
models dynamically stabilise the volume at exponentially large values, allowing the gener- 
ation of hierarchies. The gravitino and string scales are given by 

Mp Mp 

"^3/2 ~ — > ~ (1.1) 



Here V is the dimensionless volume - the physical volume is V/f = V{2'K\fa')^ . Thus a 
compactification volume of 10^^ /f, corresponding to a string scale ~ lO^^GeV, can 
generate the weak hierarchy through TeV-scale supersymmetry ||l^ . In these models other 
hierarchical scales also appear as different powers of the volume - for example the axionic 
scale appears as fa ~ Mpj\fV ~ lO^^GeV |13| and the neutrino suppression scale as 



A ~ Mp/V^/^ ^ iQi^GeV 11]. We will give a more detailed review of large- volume models 
in section |2|. 

The moduli for these models divide into two classes, ^ and associated respectively 
with 'small' cycles and the overall volume. These have masses 



"I3/2 N 2 



~ ln(Mp/m3/2)m3/2, ~ 7713/2 j ■ (1-2) 

The requirement of TeV supersymmetry constrains the mass of the light modulus to be ~ 
IMeV. The purpose of this paper is to perform a detailed study of the physics and couplings 
of these moduli, computing the decay modes and branching ratios. We will see that starting 
with a well-motivated stringy construction, with a moduli potential that naturally generates 
the weak hierarchy, gives results significant different from those obtained under assumptions 
of generic behaviour |^ As a concrete example, the branching ratio $ — > 

V'3/2'03/2 is a factor 10^'^ smaller than the 0{1) expectations of ||6|, ^. 
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The structure of this paper is as follows. In sections ^ and |^ we review the large- 
volume models and provide a precise computation of the masses and couplings of the 
moduli fields. These sections are more formal in nature and a reader more interested in 
the resulting phenomenology of the moduli can skip these sections and start at section 
using the results of section |^ that are summarised in table |l]. In section ^ we review the 
cosmological problems moduli can cause, while in section ^ we analyse the behaviour of the 
large- volume moduli in the early universe and how they affect reheating, the cosmological 
moduli problem and the gravitino overproduction problem. In section ^ we study the 
ability of the moduli to contribute to dark matter and examine the ability of the light 
modulus to contribute to the SllkeV line. 

This paper differs from most of the recent literature on moduli cosmology, which has 
concentrated on their potential role as inflatons. Here we will simply assume that inflation 
has occurred in the early universe and concentrate on the moduli cosmology in the post- 
inflationary era. 



2. Large Volume Models 

Large volume models originate in string theory, but here we view them simply as super- 
gravity models. Their simplest avatar is that of compactifications on F'^^ 1 1 gg]' which has 
two Kahler moduli, denoted by Tg = Tg + ihg and T^, = Th + ibf,. The 's' and '6' stand for 
'small' and 'big'. The Calabi-Yau volume is V = (jb^^ — t^^^^ The geometry 

should be thought of as analogous to a Swiss cheese - the small modulus controls the size of 
the hole and the big modulus the size of the cheese. In terms of these the Kahler potential 
and superpotential are^ 

= Wo + ^e-"=^^ (2.2) 

Here ^ = C(3)x(-^)/(27r)^ is a constant entering the a' correction (with x{^) the Euler 
number of the Calabi-Yau manifold) and Qs is the string coupling. Wq is 0(1) and is the 
tree-level flux superpotential that arises after stabilising the dilaton and complex structure 
moduli. For practical convenience in our computations, we will rewrite (|2.1|) and (^]^) as 



X; = -21n((rf -ri^/2)+e') (2.3) 
W = Wo + (2.4) 



^In these string models there are also complex structure moduli U and the dilaton S. Their scalar 
potential has been found to dominate at large volume unless they sit at their minimum This serves 

as a trapping mechanism for these fields. Even though they have masses of order the TeV scale and couple 
with gravitational strength , this trapping indicates that while the Kahler moduli roll through the scalar 
potential and could have coherent oscillations around their minima, the fields U and S energetically prefer 
to essentially sit at their minima and therefore do not cause a cosmological problem. In this note we will 
only study the cosmological implications of the Kahler moduli. 
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absorbing the overall factor of 9\/2 into the value of Wq and As (so Wq — > 9\/2Wo and 
As — > 9^/2 As). Clearly this does not alter the physics in any way. After extremising the 
axionic field, the supergravity scalar potential at large volumes is given by 



where u = ^^^jr- 

^9s 



This potential has been studied in detail in |1C, 11, 19 1. It has a non-supersymmetric 

dr2 /3 

AdS minimum at V ~ e""'^" ^ 1 with ~ - — . This minimum has a negative cosmological 
1 

constant of order pj. There exist various methods to introduce a positive energy to uplift 



this minimum to de Sitter ||2^, 21 , 2^ , and the uplifted minimum is stable against tunnelling 
||2^ . The physics presented in this paper is not significantly affected by the details of the 
uplift, and so we do not consider the uplift further. 

The stabilised exponentially large volume can generate hierarchies. As the gravitino 
mass is given by 

-3/2 = e^"W = ^, (2.6) 

it follows that an exponentially large volume can lead to a gravitino mass exponentially 
lower than the Planck scale. This allows a natural solution of the hierarchy problem through 
TeV-scale supersymmetry breaking. It follows from ( p.6| ) that a TeV-scale gravitino mass 
requires V ~ 10^^. Through a detailed analysis of the moduli potential and the F-terms 
that are generated p^], it can in fact be shown that the scale of soft terms is lowered 
compared to the gravitino mass by a factor ln(Mp/m3/2), so 



"I3/2 

rrisoft - 



ln(Mp/m3/2) 

A sensible phenomenology therefore requires ^3/2 ~ 20TeV. 

The potential ( p.5| ) generates masses for the moduli. Estimates of these masses can be 
computed using ~ JC^f^d^V/dr^ and ml ~ K-jJ^d^V/dr^ , giving^ 

Mp Mpln{Mp/m3/2) 

"^-^ ~ "^-^ V • 

The light field is associated with the modulus controlling the overall volume, whereas the 
heavy field is that associated with the small blow-up cycle. In section ^ we give a much 
more detailed analysis of the spectrum of moduli masses and couplings. 



3. Moduli Properties and Couplings 

In this section we describe how to canonically normalise the moduli and compute their 
masses and couplings to matter particles. 

^The axionic partners of Tt, Ts also receive masses after their stabilisation. The partner of Ts has a mass 
of the same order as Ts whereas the axionic partner of ti, is essentially massless. Being an axion, it does 
not couple directly to observable matter and therefore does not play a role in our cosmological discussion 
below. 
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3.1 Normalisation and Couplings to Photons 

We assume the minimum of the moduli potential has been located. By writing Tj = 
{Ti)+6Ti, we can always expand the Lagrangian about the minimum of the moduli potential. 
In the vicinity of the minimum, we can write 

£ = ICfjdf,{6Ti,)d''{6Tj) -Vo- {M%{6n){6T,) - 0{5t^) - K^F^.F^^r (3.1) 

Here we take fu{i) = where k is a normalisation constant and a labels one of the small 
four-cycles since we assume the standard model lives on a stack of D7 branes wrapping the 
small four-cycle.^ To express the Lagrangian (|3.1| ) in terms of canonically normalised fields, 
we require the eigenvalues and normalised eigenvectors of (/C^^)jj(M^)j^. Anticipating our 
use of the 1 1 g 9] ™odel, we now specialise to a 2-modulus model, in which we denote 
Ti = Tb,r2 = Tg. This sets a = 2 = s above. In this case we write the eigenvalues and 
eigenvectors of {lC~^)fj{M'^)-j^ as m\,m^, and Vi^,v^ respectively, with m$ > m^. The 
eigenvectors are normalised as v'^ ■ K, ■ = S^p . 

We may rewrite the Lagrangian in terms of canonical fields <I> and x defined by 

Canonically normalising the ^7(1) kinetic term, the Lagrangian ( |3.1| ) can be written as 
C = -d.^d^^^ + -d.xd^X- ^0 - -m|cl>2 - -mlx^ - -F.,F^^^ - (^M^ + xK)^) fa^'-. 
The coupling of the two moduli ^ and x to photons, which we denote by A, is then given 

by 

> _ {V'i>)s 

^""'^ ^ vi^y ^^'^^ 

Thus, given the moduli Lagrangian we can follow a well-defined procedure to compute the 
moduli couplings to photons. 

The explicit forms of the matrices (/C~^)jj and (M^)j^ for the large volume models can 
be computed and are given in the appendix. Importantly, it follows from the expression 
for the moduli Kahler potential ( |2.1| ) that there is a small mixing between the moduli rj, 
and Ts, and the canonically normalised fields couple to matter living on both small and 
large cycles. The matrix JC^^M'^ takes the form: 

2a.(r.)|»'o|V / -9(1 -7£) Ha.irMl - 5e + We') \ 



D7 wrapping the large four-cycle would give rise to unrealistically small values of the gauge couplings 
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where e = {4as{Ts))~^ and the expressions are vahd to 0{e^) (there are also 1/V corrections, 
which are neghgible). ( |3.4| ) has one large and one small eigenvalue, denoted by m|, and 
i^. Because m|, » m^. 



m^. Because mi » m?,, we have at leading order in e: 



™| Tr(>C-Hfi) . ?^di«^ =(2„3,,l„(Mp/™3/.))= ~ (3.5) 



Tt(K-U/2) 4a.(T.)(Ts)9/2 

We can see explicitly the large hierarchy of masses among the two observable particles, with 
$ heavier than the gravitino mass and x lighter by a factor of VV. We have numerically 
confirmed the analytic mass formulae of ( |3.5| ) and (f3.6|).'^ 

Finding the eigenvectors of /C~^M^ and using (|3.2| ) we can write the original fields 
6Tb^s in terms of ^ and x (iii Planck units) as:^ 

Sn = {V6{n)'/'{r,f/' (1 - 2e)) ^ + (^^^(r,)^ ^ ~ O (vV^) $ + O (v^/s) ^ 

(3.7) 

= f ^-^{nf/'irsyA 4 + f- (1 - 2.) 1 4 - ^ + O (1) X 




This shows, as expected, that is mostly x ^^^^ is mostly <I>. However there 
is an important mixing, which is subleading and has coefficients depending on different 
powers of the volume V. This illustrates the fact that although the large modulus T}, has 
no couplings to photons, the light field X) although mostly aligned with Tb, does have 
a measurable coupling to photons due to its small component in the Tg direction. This 
X77 coupling is determined by the coefficient ^ in ( |3.7| ), which happens to be volume 
independent. 

The X Lagrangian is therefore 

£x = -l^X»-X - - \f,.F^' - i (3.8) 

The Planck mass dependence is here included for explicitness. Notice that the coupling of 
X to photons is not only suppressed by the Planck scale Mp, as one might naively expect, 
but it also has a further suppression factor proportional to 

as{Ts) ~ In (Mp/m3/2) ~ In V. (3.9) 



* Numerically, the effect of including an uplifting potential SV ~ tj^- is to reduce from the value given 



in (3.6), 0.6m^, while leaving m# unaffected. 

^Notice that since the light field x is dominantly the volume modulus, for which the Kahler potential 
can be approximated hy K — — 31n(rb + Ti,). In this case one can perform the canonical normalisation for 



all values of the field, obtaining ^ — y |x. This is precisely the coefficient we find in equation (3.7) 
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The dimensionful coupling of x to photons is 

^^^^ ~ 2Mp In {Mp/ 7713/2) ' 

and so it is shghtly weaker than standard moduH couphngs to matter. Naively one might 
have supposed a purely Planckian coupling, with A^^^ = 1/Mp (as done in [|^, 
We see that the result in a more realistic model actually suppresses the decay rate by a 
factor of ln(Mp/m3/2)2 ~ 1000. This suppression of the 27 decay mode will subsequently 
play an important role when we discuss the possible role of x in generating the 511keV line 
from the galactic centre. 

From ( |3.7| ) it also follows that the photon couplings to the heavy field $ will involve a 
factor V^/^ rather than The dimensionful coupling is 

This implies that the interactions of ^ with photons are only suppressed by the string scale 
nis <C Mp rather than the Planck scale and therefore the decay rates of the heavy fields 
$ are much faster than is usually assumed for moduli fields. As we will explore later, this 
feature is crucial when studying the behaviour of these fields in the early universe. 

3.2 Couplings to Electrons 

Here we compute the magnitude of the modular couplings to e^e~. This arises from the 
supergravity Lagrangian, with the relevant terms being 

= Kg^n^df^e + Kjjfjdf^Hd^H + e'^/^XHee. (3.12) 

To proceed we need to know the Kahler metric for the chiral matter fields. We use the 
result m 



K,..~K,„~ — = K,[l + -^^- — + ...]. (3.13) 

/ 1/3 \ (t- \1/3 

where Kq = ( ^— ) = ^"^^^ . We also need the expansion 
where Vq = (V). The Lagrangian is then 



/: = Ko e^d^e + Ko d^Hd'^H + ^AFee + Q (J^^ - (J^ ] ] Kq e^d^e 
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We can now canonically normalise the matter fields and impose electroweak symmetry 
breaking, giving the Higgs a vev and generating the electron mass. The effective Lagrangian 
for the electron field is 

e- (,'^ + . + (i^ - ^) . h^a, + „.) . _ (i^ ... (3.1.) 

The second term of ( 3.16| ) does not contribute to the x decay rate - for onshell final-state 
particles the Feynman amplitude vanishes due to the equations of motion. The physical 
decay rate is determined by the final term of ( 3.16| ), 

+ o TTT ' (3-17) 



3 \{ts)) 2 

and in particular how this converts into a linear combination of ^ and x- Using the 
expression (3/7) we obtain 

5Lyee ~ I IH 7—7] --i=^i—fne&e. (3.18) 

This is dominated by the former term, arising from the alignment of x with the overall 
volume direction. The coupling ( p. 18 ) is suppressed by the Planck scale, but unlike ( p^ ) 
there is no further parametric suppression. 

For the heavy field we find, similar to the couplings to photons, that the important 



term in ( 3.17 ) is the term. Using the expansion ( |3.7D we again see that the coupling 
of ^ to electrons is suppressed only by the string scale rather than by the Planck scale: 

6Cq>ee ~ "TT^^^e^^ ~ — mgee. (3.19) 

Mp rus 

3.3 Computation of Moduli Lifetimes 

We now use the results of the previous sections to compute the moduli lifetimes. After 
canonical normalisation we always obtain a Lagrangian 



C = -\f,,F'^'' - ld,(t>d''(^ - + ^F.^F'^'' + /x^ee. (3.20) 



Here represents either of the fields terms of m^, A and /i, it is straightforward 

to compute the cj) decay rates, which are given by 



3/2 

I . (3.22) 



The lifetimes for each decay mode are r = T^K Using Mp^ = (2.4 x lO^^GeV)-! = 
2.7 X 10~^^s, we can write: 

7.5 X 1023s ^ IMeV y 
r,^,, = ) ' (3.23) 



3.75 X 1023s /lMeV\ / /lMeV\^^ 



(3.24) 
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For the light modulus x-, substituting A by Xxii ~ l/lii(-^^p/''^3/2) ~ 0.038 given in 
equation (|3.3| ) and ~ 2 MeV, we have 

T^^^^ ~ 6 X 10^5 s, (3.25) 
r^-^e+e- ~ 1-7 X 10^^ s, (3.26) 

which is much larger than the age of the universe ~ 3 x lO^'^ s. From (|]2|) we can see that 
for > IMeV the decay to e^e~ pairs is dominant, with a branching ratio ~ 0.97. 

For the heavy modulus we have A$-y-y ~ \/V ~ 10'' and m$ ~ 1000 TeV. We then 
obtain 

T$ ~ 10-^^s, (3.27) 

which means the heavy moduli decay very early in the history of the universe. The moduli 
lifetimes differ by a factor ~ 10^^: this large discrepancy originates in the very different 
masses and couplings of the two moduli. 

3.4 Couplings and Decays to Gravitini 

Another decay mode of interest is that to gravitini. This mode is interesting because 
of the danger of overproducing gravitini from moduli decays that give rise to reheating. 
While this mode is inaccesible for the light modulus X) for the heavy field ^ this mode 
is present. In [P, |7| it was shown that for many models with heavy moduli, the gravitino 
branching ratio for moduli is C?(l). This causes severe cosmological problems, as the decays 
of such gravitini either spoil nucleosynthesis or overproduce super symmetric dark matter. 
However, for large volume models the branching ratio is negligible: the gravitino is a bulk 
mode, while the heavy modulus is located on the small cycle. While the couplings of the 
heavy modulus to matter are suppressed by the string scale, those to the gravitino are 
suppressed by the Planck scale. 

For example, we can consider the <^ 2-03/2 decay channel analysed in [^,0. This 
arises from the Lagrangian term 

= e«/2((5,,G)(5r,) + (a,,G)(Jr,))vi^[7^7^V. (3-28) 



Here G = /C + lnTy + lnTy. We now relate 5ts and Jr^, to $ and x using ( |3.7D , and use the 
fact that dr^G ^ y, dr^G yS/s' *o S^* 



C- ~ "3/2 (VV* + x)+^ (V""* + V^/'x)) [7", 7l 



The Lagrangian term 
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here only generates an axion-gravitino coupling and does not contribute to the $ decay 
rate. Prom ( |3.29| ), we then find 



1 rnl 



(3.30) 



where we have focused on the dominant volume scaling. As 



V 



Ml' 



(3.31) 



(see ( ^.2lD and ( ^.27 ) above), this implies that the branching ratio for gravitino pair pro- 
duction is Br($ ^ 2^^3/2) ~ ~ 10-3°! 

The striking contrast between this result and the 0{1) branching ratios found in [P, Q 
is that for the large- volume models there exists a double suppression: first, the gravitino is 
a bulk mode which gives a suppression (^^^ = V~^, and secondly, the dominant F-term 
(again by a factor of V) is that associated with the light overall volume modulus rather 
than the small heavy modulus.® The <l> 2-03/2 decay mode is therefore suppressed by a 
factor ~ ~ 10^° compared to the results of ^. 

In table || we summarise the results of this section for the properties, couplings and 
decay modes of the moduli. In the next sections we will examine the cosmological and 
astrophysical applications of these results. 





Light modulus x 


Heavy Modulus $ 


Mass 


~"^3/2(^)'~2MeV 


2 m3/2ln(Mp/M3/2) ~ 1200TeV 


Matter Couplings 


Mp"^ (electrons) 
(^^^^(Sl))'' (photons) 




Decay Modes 

77 

qq 

■03/2^3/2 


Br ~ 0.025, T ~ 6.5 X lO^^s 
Br ~ 0.975, r ~ 1.7 x lO^^s 

inaccessible 

inaccessible 


Br ~ 0(1), T ~ 10-i^s 
Br ~ 0(1), T ~ 10-i^s 
Br ~ 0(1), T ~ lO-i'^s 
Br ~ 10-3°, r ~ lO^^s 



Table 1: The properties of the two moduli and their decay modes. The Ufetimes quoted are for 
sample masses of = 1200TeV and — 2MeV, with a string scale of ms — lO^^GeV and a 
gravitino mass of 20 TeV. The scale of soft terms here is TO3/2/ ln(Afp/m3/2) ~ 500GeV. 



4. Review of Moduli Cosmology 

As mentioned in the introduction, moduli fields have been widely studied as possible can- 
didates for inflation. There are currently several competing scenarios in which the infiaton 

®We stress however that it is still the F-term _F* that determines the physical soft terms, due to the 
much stronger matter couplings of $ than x ("t-s"^ rather than Mp^). 
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is either an open string modulus or a closed string modulus. In particular, for the large 
volume models there exists a natural mechanism to generate a flat potential for one of the 
'small' Kahler moduli as long as the Calabi-Yau has more than three Kahler moduli p6|. 



This scenario has been further studied in 30| where more inflationary trajec- 

tories were identified. There is a potential danger that extra quantum corrections to the 
Kahler potential could spoil the slow roll. However, this inflationary scenario also requires 
a string scale of order the GUT scale in order to achieve the correct COBE normalisa- 
tion for the density perturbations. This is in tension with the scales required for particle 



physics, as the GUT string scale gives a very heavy gravitino ~ lO^^GeV (cf |3l|, H) which 
is incompatible with low-energy supersymmetry. This is an interesting challenge that may 
need realisations of inflation at a low scale ||3^ or a dynamical change in the volume after 
inflation in order to satisfy the low-energy phenomenological requirements. 

For our purpose we will assume the string scale in our vacuum is the intermediate 
scale lO^^GeV as preferred by particle physics. We leave as an open problem to develop 
a successful scenario of inflation within the context of the intermediate scale models that 
we consider here. Here we will simply assume that such an inflationary scenario can be 
developed and concentrate on the subsequent cosmological evolution after inflation, with 
the Kahler moduli rolling along their potential. Over the years moduli have been associated 
with several cosmological problems. Let us summarise the main issues. 

4.1 Cosmological Moduli Problem 

It is well-known that generic moduli with a mass m < ITeV pose problems for early- 



universe cosmology |34, 35, 36 1. Such moduli masses are unavoidable in the conventional 
picture of gravity-mediated supersymmetry breaking, where moduli obtain masses com- 
parable to the supersymmetry breaking scale, m,^ ~ ^-3/2 ~ f^susy In gauge- mediated 
models, the problem is even more serious as the moduli masses are then lower than the 
supersymmetry breaking scale, ~ f^susy The problem is that the moduli are 

long-lived and after inflation come to dominate the energy density of the universe. 

This is a serious and model independent problem for light scalar fields that couple 
gravitationally. Let us briefly review the source of this problem. We assume a scalar field 
(j) with gravitational strength interactions in a FRW background. Its time evolution is 
governed by the equation'^ 

dV 

(3/7 + r^) ,/.+— = 0, (4.1) 

where H = ^ \s the Hubble parameter, a the scale factor, V the scalar potential and 
r,^ ~ m^/Mp the decay rate. Due to its original supersymmetric flat potential, it 
is expected that after inflation the modulus is not at its zero-temperature minimum but 
instead at some initicil value (pin ^ Ad p. While t <C ~ m, , H > and the friction term 
2>H(j) dominates the time evolution of 0, causing (j) to remain at ~ </>j„. At t > tj„ when 
the universe is at a temperature Tin ~ \/fn(j,Mp (since the Friedmann equation implies 



''Strictly this applies to the time-averaged amplitude of the field oscillations. 
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H ~ T'^/Mp for radiation), the field starts oscillating around its minimum. Coherent 
oscillations of the field after this time will come to dominate the energy density of the 
universe since the initial energy density p^{Tin) ~ 'fn'^'Pfn increases with respect to standard 
radiation density. The reason is that energy in coherent oscillations decreases with a^^ |37| 
whereas radiation decreases with a~^. Therefore we can write: 

P.(T) = P.ffi,.)(|-)^„4*i(-^) (4.2) 

If the field (p is stable, these oscillations will dominate the energy density of the universe 
and may overdose it. Imposing that P(p{Tq) < PcriUcai = SHqMp ~ (10~^eV)^, where 
Tq,Hq are the temperature and Hubble parameter today, puts a constraint on (pin, (pm < 
10"^° iit^y^^^Mp- That is, for in ~ Mp a stable scalar field of mass ui^ > 10 
eV will overdose the universe. 

If the scalar field decays, which is the most common situation, another problem arises. 
Since the field couples with gravitational strength, its decay will happen very late in the 
history of the universe and may spoil nucleosynthesis. This can be quantified as follows. 
The scalar field (p decays at a temperature To for which H{Td) ~ T^. Therefore using 
~ m^/Mp and the FRW equations for ~ T^: 

P<p{Td) _ P4>{Tin) (Td \ ^^2^ 




Ml Ml \T,n 



Using this and P(f,{Tin) ~ "^^^ni ~ T^cfyMp we find the decay temperature Tp, 

3 te: 

radiation of temperature 



m]l^^ Mp^^^ (p^^^"^ . At the temperature Tp the energy density p^{Tp) gets converted into 



/ 3 \ 1/2 

Trh ^ {P4>{TD)f'' ~ {MpT^f^ ~ ( ) • ^^-^^ 

If TpH ^ 10 MeV the decay products of (p will spoil the successful predictions of nucle- 
osynthesis. This puts a bound on of > 100 TeV. The decay of (p causes an increase 
in the entropy given by: 

A = (l3A\^L_ (4.5) 
\Td J m^Mp ^ ' 

which for (pin ~ Mp gives a very large entropy increase washing out any previously gen- 
erated baryon asymmetry. Therefore the standard cosmological moduli problem forbids 
gravity coupled scalars in the range m^f) < 100 TeV. We will reconsider this problem in the 
next subsection for the large volume string models. 

4.2 Other Problems 

• Gravitino overproduction. One proposal to avoid the cosmological moduli problem is 
through a heavy modulus scenario, where ~ lOOOTeV with ~ 30TeV and 

rrisoft ~ ITeV. However in this case the moduli are much heavier than the gravitino 
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and the (p 2-03/2 decay channel is open. It has recently been pointed out Q 
that in this case the moduli decay to gravitinos is unsuppressed and can occur with 
0(1) branching ratio. This naturally leads to an overproduction of gravitinos at 
low energies, which interfere with the successful nucleosynthesis predictions. This 
problem appears on top of the more standard gravitino problem, in which to avoid 
thermal gravitino overproduction the reheating temperature most be smaller than 
10^ GeV. 

• Dark matter overproduction Even in heavy moduli scenarios where the moduli mass 
is 777.0 > lOOTeV, the reheating temperature is still very low, Tj-eheat ~ ©(lOMeV). 
As the moduli mass is much greater than that of the soft terms, the moduli will also 
decay to TeV-scale supersymmetric particles with 0(1) branching ratios. The reheat 
temperature is much lower than that of the susy freeze-out temperature, which is 
typically Tfreeze-out ~ fnLSp/'^^ ^ C'(10)GeV. The standard thermal relic abun- 
dance computation for susy dark matter does not apply and a stable LSP is heavily 
overproduced. 

• Baryogenesis Moduli decays reheat the universe, generating large amounts of en- 
tropy and diluting any primordial baryon asymmetry. At high temperatures, there 
exist mechanisms to generate a baryon asymmetry: for example, the electroweak 
sphaleron transitions that occur at T ~ lOOGeV violate baryon number. However, 
the low reheat temperatures from moduli decay imply baryogenesis must occur at low 
temperatures, without the aid of the high energy baryon number-violating processes. 

• Overshooting problem. Usually the physical minimum of the scalar potential is only a 
local minimum. The initial conditions may typically be that the energy is much larger 
than the barrier separating this minimum from the overall (zero coupling/infinite vol- 
ume) minimum. The field may then roll through the local minimum and pass over the 



barrier. This was emphasised in reference [38|. This is a problem of initial conditions. 



Detailed studies of the time evolution of the scalar field, following from equation ( [4.1| ) 
have concluded that this problem is less severe than originally thought [39, It 
appears that Hubble damping together with the different redshift properties of ki- 
netic and potential energy can be enough to avoid the field overshooting and running 
to infinity. This is a model dependent problem that we will not address further. 

Inflationary destabilisation In practical models of moduli stabilisation, the barrier 
height separating the true minimum from the infinite runaway is comparable to the 
depth of the AdS minimum, which is < m'^^2^p- The barrier height is a measure of 
the maximum scale at which inflation can take place, as if the inflationary energy scale 
is above the barrier height the potential is unstable to decompactification. During the 
inflationary epoch this gives a relationship H < which suggests that either 



the gravitino mass was very large during inflation ^ ITeV, or that inflation 

took place at a very low energy scale H <C lO^^GeV. If the potential is such that 
the gravitino mass is ~ ITeV during inflation, typical inflationary energy scales will 
destabilise the potential. 
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Temperature destabilisation. Finite temperature effects can modify the scalar poten- 
tial in such a way that the local physical minimum is washed out at finite temperature 
due to the contribution to the scalar potential from the coupling of the modulus 
to a thermal matter bath. In this case the field naturally rolls towards its decompact- 
ified zero coupling limit as in the overshooting problem. If moduli fields couple to 
the observable sector, the free energy of a hot gas of observable particles contribute 
to the moduli potential since moduli correspond to gauge couplings in the effective 
theory. Since the free energy goes like T^, for high enough temperatures this could 
destabilise the zero-temperature minimum. The critical temperature was found to 



be of order 10 GeV |41|. If inflation occurs at energies above 10 GeV, there is no 



time for observable matter to be in thermal equilibrium and the problem disappears 
[^ ]. Then for small enough reheating temperature this is not a serious problem. 

5. Large Volume Moduli in the Early Universe 
5.1 Cosmological Moduli Problem 

Let us reanalyse the cosmological moduli problem for each of the moduli fields present in 
the large volume models. In total there are three classes of moduli: the complex structure 
and dilaton, the heavy Kahler moduli and the light Kahler modulus. Let us discuss each 
case on the basis of the analysis of the previous section. 

1. Complex structure and dilaton moduli. These fields have masses of order 20 TeV and 
couple with gravitational strength. In principle these are in the dangerous zone for 
the CMP. However, as emphasised in [11|, the potential for these fields dominates 



the overall energy density, leading to runaway behaviour, unless they sit at their 
minimum. The reason is that for large volumes, their contribution to the scalar 
potential is positive and suppressed only by 1/V^, in contrast to the Kahler moduli 
contribution that goes like 1/V^ at large volume. Therefore such fields are naturally 
trapped at (or very close) to their minimum early in the history of the universe and 
are not expected to have dangerous oscillations {cpm ^ Mp). 

2. Heavy moduli. The heavy moduli have masses of order 1000 TeV and are coupled 
to matter at the string scale {Ms ~ 10^^ GeV) rather than the Planck scale Mp ~ 
lO^^GeV). They are therefore free from the CMP as their lifetime is extremely short, 
with T ~ 10^^''s. Their decays will reheat the universe to 

Trh ~ (Afpr$)^/2 _ [Mpm^/M^y^^ m„ ~ lO^GeV. (5.1) 

Furthermore, as the couplings of these moduli to the gravitini are Planck suppressed 
rather than string suppressed, gravitino decay modes have tiny branching ratios. For 
example, the $ — > 2'i/'3/2 decay mode occurs with a branching ratio of ~ 10"'^'^, in 
contrast to the 0(1) expectations of 0. 

As the reheat temperature is high, it is possible to start a Hot Big Bang at a relatively 
high temperature, with the possibility of a conventional treatment of susy decoupling 
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and axion evolution. For the above reasons such moduh are very attractive for 
reheating the universe after inflation. 

3. Light modulus. This field has a mass of order 1 MeV with gravitational strength 
interactions and it is thus dangerous for the CMP. Notice that standard inflation can 
never address the CMP because there is no reason for the scalar field to be at its 
minimum just after inflation. To solve this problem we need to have either a trapping 
mechanism to keep the fields in or close to their minima or alternatively a period of 
late inflation. The best option for this is thermal inflation |4^] that we will discuss 
next. 

5.2 Thermal Inflation 

Thermal inflation is not just another particular choice of scalar field and potential energy 
to give rise to slow-roll inflation at high energies. Thermal inflation is rather a general class 
of models that tend to induce a short period of low-temperature inflation in a natural way. 
It is not an alternative to slow-roll inflation to solve the big-bang problems and produce 
the density perturbations, but instead complements it with a short period of low energy 
inflation that can dilute some relic particles. 

Thermal inflation was proposed in |^^. The observation is that in supersymmetric 
models there are many flat directions (such as the string moduli and others) that are lifted 
after supersymmetry breaking. A field with such a flat direction, which we denote by a, 
can have a vacuum expectation value {vev) much larger than its mass. If this is the case a 
is called a 'flaton' field (not to be confused with the inflaton). 

The cosmological implications of a flaton field are quite interesting. If the flaton field is 
in thermal equilibrium with matter, there is a finite temperature contribution to its scalar 
potential: 

V = Vo + {T^-ml)a^ + --- (5.2) 

where we have expanded around a local maximum of a taken to be at {a) = 0. This is 
a false vacuum at temperatures T > Tc = rria. At these temperatures a will be trapped 
at the origin. The zero temperature minimum is at (a) = M^, ^ m^j. At a particular 
temperature T ~ V^^^ > Tc, the potential energy density Vq starts to dominate over the 
radiation energy ~ and a short period of inflation develops. Inflation ends at T = Tc 
when the field a becomes tachyonic at the origin and runs towards its zero temperature 
minimum. The number of efolds during this period of inflation is 

N ~ log (Vq'^VTc) ~ log (M,/m,)i/2 ^ 

where we have used that during inflation the scale factor is inversely proportional to the 
temperature and Vq ~ M^m^. For nia- ~ 1 TeV and M^: ~ 10^^ GeV, the number of 
e-folds is ~ 10. This is large enough to dilute the surviving moduli and solve the 
cosmological moduli problem, but small enough to not interfere substantially with the 
density perturbations coming from the original period of inflation at higher energies. 

It is interesting that the values preferred for the scales M^, and mg- are precisely the 
string and soft SUSY breaking scales in our scenario. It therefore seems natural to try to 
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implement thermal inflation in this scenario with = Ms^rrify ~ 7713/2- Candidate flaton 
fields can be any moduli with vev of order one in string units and masses of the order of 
the soft masses. Singlet open string modes abound in D-brane constructions that have 
precisely these properties. The heavy Kahler moduli also have the right mass scale and 
vev. However their coupling to matter is suppressed by the string scale and it is difficult 
for them be in thermal equilibrium with observable matter.^ An explicit realisation of 
thermal inflation in our class of models is beyond the scope of the present article, but it is 
encouraging to see that they do have the right properties for thermal inflation to happen 
with several candidate flaton fields. There is actually an explicit candidate for thermal 



inflation using the properties of D-branes |44|. 



Other scenarios of low-temperature inflation could also work. Although standard slow- 
roll inflation is difficult to obtain at low energies, other variants such as locked inflation 
fisfl could be promising, especially if they could be implemented within string theory. A 
period of low-temperature inflation has also been proposed in recent attempts to derive 
inflation from string theory fl^. 



5.3 Comparison with Other Scenarios 

Even though the moduli are generic in string compactifications their physical implications 
change considerably depending on the details of moduli stabilisation and supersymmetry 
breaking. At the moment there are at least four main scenarios that can be distinguished: 

1. The generic gravity mediated scenario. In this case all moduli are expected to get a 
mass proportional to the gravitino mass. The argument is that their mass has to be 
proportional to the auxiliary field that breaks supersymmetry divided by the strength 
of the interaction that mediates the breaking of supersymmetry {m(j) ~ {F)/Mp) 
which is precisely the gravitino mass 7713/2 ~ 1 TeV. All moduli are assumed to 
couple with gravitational strength, and all moduli suffer from the cosmological moduli 
problem. 

2. Generic gauge mediated supersymmetry breaking. In this case 7773/2 <C ITeV. The 
moduli masses are still of the same order of the gravitino mass, but now this may 
be as low as 7773/2 ~ {F)/Mp ~ 10^^ — 10^ eV. They also couple with gravitational 
strength and induce a CMP even more severe than for the gravity-mediated scenario. 



Mirage mediation |47|. This differs from conventional gravity mediation in the fact 
that the moduli masses are 771^ ~ 7/1,3/2 log(Mp/7n,3/2) ~ 1000 TeV. This improves 
on the CMP as moduli decay prior to BBN, but gives new problems with the over- 
production of gravitini and susy dark matter as discussed above. 



*This suppression is also present for the typical flaton flelds considered in the literature. To be in thermal 
equilibrium with matter it is usually assumed that the flaton field couples to massive particles with a mass 
given by (a). When (a) is close to zero these flelds are light and allow a to be in thermal equilibrium. We 
may envisage a similar situation for the heavy moduli, as their vanishing implies a four-cycle collapsing and 
the appearance of extra massless fields. A proper treatment of this interesting is beyond the low-energy 
effective action we have been using and would require further study. 
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4. Large volume models. In our case there are different classes of moduli. The heavy 
moduli with m$ ~ 2m3/2 log{Mp/m^/2) ~ 1000 TeV are free from both the CMP 
and gravitino overproduction problems because their couplings are only suppressed 
by the string scale. The light volume modulus has mass ~ 1 MeV and couples 
gravitationally, and is subject to the CMP. 

The moduli spectrum for large-volume models does not remove all cosmological prob- 
lems. However, it does give quite different behaviour to more standard expectations. One 
striking difference is the possibility of a high moduli reheating temperature, Tjih ~ lO^GeV, 
and the commencement of a Hot Big Bang at a relatively early stage. This arises because 
there exist moduli coupled to matter at the string, rather than the Planck, scale. In the 
standard case where all moduli couple to matter at the Planck scale, the reheating tem- 
perature is invariably low. For TeV scale moduli, Tjih < IMeV and nucleosynthesis fails. 
Even in scenarios with heavy moduli, with ~ lOOOTeV, the reheating temperature is 
still Tj^,H < IGeV. High reheating temperatures are attractive because they can provide 
the necessary initial conditions for a period of thermal inflation or for the standard susy 
relic abundance computation. 

The other striking difference in the spectrum of the large- volume models is the volume 
modulus. This is extremely light (~ IMeV) and gravititationally coupled; such a field is 
unusual in models of gravity-mediated supersymmetry breaking. Even if a Hot Big Bang 
has started at lO^GeV, this field will subsequently come to dominate the energy density 
of the universe if its abundance is not diluted. This is why a period of late-time (thermal) 
inflation may be necessary in order to dilute this volume modulus. We now investigate the 
properties of this field in more detail. 

6. Large Volume Moduli in the Late Universe 

The combination of a light O(MeV) modulus with gravity- mediated TeV-scale supersym- 
metry breaking is an unusual and distinctive feature of the large- volume models, and offers 
the chance of obtaining a smoking- gun signal for this class of models. As the volume 
modulus is stable on the lifetime of the universe, it may be present today as part of the 
dark matter. As analysed in section ^ above, it is unstable and may decay to 77 or, if 
kinematically accessible, e~^e~. 

We here analyse the possibilities for detecting these decays. We first consider the 
photon flux due to x ^ 77 decays, considering several astrophysical sources. In section 
|6l^ we generalise this to include the dominant decay mode x ~^ e'^e~, and discuss the 
relevance of this decay to the 511 keV positron annihilation line from the galactic centre. 
We start by leaving the lifetime, r^, and mass, of the modulus unspecified: these will 
subsequently be set as in section |ab ove. 

6.1 Photon flux from X ^ 77 decays 

As sources, we consider the Milky Way halo, the diffuse background and nearby galaxy 
clusters. We assume the field x constitutes a fraction Q^/^ldm of the dark matter. 
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The Milky Way Halo 

We assume the Milky Way halo to be spherical. For definiteness we consider two dark mat- 
ter profiles, isothermal and Navarro- Frenk- White (NEW), as these both allow an analytic 
treatment. These are 

Plir) = 7-^, pNFw{r) = ^ ^ ^. (6.1) 



1 + 



For both halo models, po, Tc and rg are phenomenological parameters, r is measured from 
the galactic centre. By relating galactic coordinates (x, b, I) to Cartesian coordinates on 
the galactic centre, we can write 

= {—Rq + x cos b cos + (x cos b sin + (x sin 6)^ 

= {x - Rocosbcosl f + RI{1 -cos^bcos^l). (6.2) 



Here Rq ~ 8kpc is the distance of the sun from the galactic centre. ( |6.2| ) allows the 
computation of p{x, b, I) for any given halo model. 

If the decay X ^ 77 occurs at distance x from a detector with cross-section Ad, 
the probability that a photon reaches the detector is V = x 2, where the factor of 
2 accounts for the two photons from the decay. The number of photons arriving from 
distances between x and x + dx in time dt within a solid angle dS is 



X n(x,x) X (x^dx) X dT,x ^ ^ 2. (6.3) 



fractional d^ probability °^ P^'^*'^^^^ arriving photons per decay 

To obtain the total number of arriving photons, we integrate this quantity along the radial 
(x) direction, to obtain 

NJb,l) = Adx dtx X ^ X ( [ dxpix). (6.4) 

^x™x 47r \ildmj J 

We now perform the / dxp{x) integral for both the profiles considered. 

1. Isothermal Profile 
Here 

2 

Pqt^ 

+ (x — Rq cos 6 cos lY + R^{1 — cos^ ftcos^ /) 

Defining RI^^ = rl + R^^l — cos^ftcos^Z), we can do the integral using standard 
trigonometric substitutions, obtaining for the number of photons arriving per unit 
time 



N, = iAo)dt [^) ^ ] por^ 

' 4:71 J Ty,m^ \^dm 



1 / vr f Rq cos b cos I ' 

+ arctan 



Reff V2 V Reff ) , 

(6.6) 
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These photons are all mono-energetic of energy ^ and will appear as a monochro- 
matic line of width Ai?, the energy resolution of the detector at -E ~ The 
intensity of this line is 



Ilineib, I) 



AE ' 



(6.7) 



2. Navarro- Prenk- White Profile 



For this case the integral J dx p{x) is performed in the appendix. The resulting 
number density of arriving photons is given by 



N^{h,l)= Andtl — 



(dT.\ 2 



V47ry r^m^ \^dm 



(6.8) 



where 
X{b,l) 



^ Rl-Rl{h,l) 



+ 



(r2-i?2(6,/))3/2 

Ts 

(r2-i?f(6, 0)3/2 



In 



In 



Riib,l){rs + Ro) 



Rlib, I) 



rs-y^r-i-liiibj) 

with Ri{b,l) = -\/i?Q(l — cos^ fecos^ /). As before, 

TV 

I.ibJ)- ^ 



(6.9) 



AE 



(6.10) 



For numerical evaluations we use for the isothermal profile po = 7.8GeVcm ^ and = 
2kpc, whereas for the NFW profile we use 

PI Po = 0.23GeVcm-^ = 27kpc, in both 
cases corresponding to p{Ro) = 0.46GeVcm~'^. 

The galactic centre region, near (b, I) = (0, 0) is one of the most intensively observed 
areas of the galaxy and should contain an excess of dark matter. It should therefore provide 
the best sensitivity in a search for a gamma-ray line due to modulus decay. Integrating 
over a region —15° < b < 15°, —15° < / < 15° for an NFW profile, we find a total photon 
flux of 



17^ \ /6.5 X lO^^sN /2MeV\ , o, 2 n 

— ^ X (2.9 X lO^^photons cm^^s"^) 



(6.11) 



The isothermal profile gives similar results. The INTEGRAL upper bound on ~ IMeV 
gamma-ray lines from the galactic centre is that the line strength be < 5x lO^^photons cm^^s^^ 



1 48, 50 1, so the absence of any such line constrains 



^ n /2MeV\" 

X < ;L0-3 / \ 



dm 



(6.12) 
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Diffuse Background Emission 

Moduli decays across the history of the universe also contribute to the diffuse photon 
background. We again relegate the computational details to the appendix, where we show 
that the resulting photon flux intensity is 



I JE) = — xADxdtxdE^x{-^] -^-^E^ / (6.13) 



with c the speed of light and 



1 — Q.m — 

X X^ 



is the modulus lifetime and po the current dark matter density. E' = ^ is the original 
decay energy of the photons. 

Because of the assumptions of homogeneity and isotropy, this quantity will have the 
same value irrespective of direction. In figure ||, we plot this quantity together with a fit to 
the extragalactic diffuse gamma-ray background observed by COMPTEL. For SOOkeV < 
E^ < 30MeV this is fit by || 

Iy{E) = I ^^^^ j X (1.05 X 10"^ photons cm-^s^^sr^^MeV"^) . (6.14) 

We see that for niy. > IMeV the combination of ( 6.13 ) and ( 6.14 ) constrains the allowed 
X density to be 

^ /lMeV\^-^ 

^'"m \ I'l'x J 

Galaxy Clusters 

We can also consider specific local galaxy clusters. A galaxy cluster is a locally overdense 
region of the sky, at a specific distance D from the earth. We denote the total dark mass 
of the cluster by M, with a fraction 17-^/17^ consisting of moduli. The total number of 
moduli is then (rr^) ' ^"^^ thus the total number of arriving photons is 

X 2 X ' ' ' ^ 



The photons give a monochromatic line of intensity 

I = ^ X 2 X (^] 

The line is redshifted from E = ^ according to the distance of the cluster. Considering 
for example the Coma or Perseus galaxy clusters, we find 

'l.SMeV^ flAxlO'^^s\ (9.^ 



r .^-6 , _2 _i A-5MeV\ /1.4 X 1026s\ 
Iduster ~ 5 X 10 photons cm s 



9. 



(6.16) 



5 X 10"^ photons cm-^s-M tt^ • (6.17) 

V m^ y 



This does not provide a competitive constraint on the modulus density. 
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Figure 1: The extragalactic diffuse photon flux arising from moduli decays through the history of 
the universe. We plot the flux arising for (^^j^^ = 1 for moduli masses — 1.5,2 and 2.5MeV. 
We use the results of ( 3.10| ) for the coupling of x to photons. As comparison we also plot a fit to 
the extragalactic diffuse gamma-ray background observed by COMPTEL. 



6.2 X ~^ e"'"e decays and the SllkeV line 

If kinematically accessible, the light modulus x can also decay to e'^e^ pairs with a decay 
rate 



mlm-^ 



1 



Ami 



3/2 



(6.18) 



For masses > IMeV, this is the dominant decay mode. A plot of the relative branching 
fractions for 77 and e+e~ are shown in figure ^. The decays of such a modulus could then 
be observed through the positrons produced in the decay. 

There exists an excess of 511keV photons from the galactic centre, which has been 
detected for many years 53 1 . On the earth the flux of SllkeV photons is measured by the 



SPI spectrometer on the INTEGRAL satellite to be (0.96 ±0.06) x IQ-^photons cm"^ s" 



1 54] This flux originates from the Milky Way bulge and it appears difficult for traditional 
astrophysical sources to account for the intensity and location of the line. The origin 
and injection energy of the positrons is unknown. Positrons are produced relativistically 
and lose energy through ionisation and diffusion pocesses. Eventually they become non- 
relativistic, annihilating with electrons to produce gamma rays. The strongest constraint on 
the injection energy of the positrons comes from inflight annihilation of energetic positrons 
to generate diffuse gamma rays above 511 keV. The lack of an excess in the diffuse gamma 
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e+e- and 2-photon decay rates for the light modulus 
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Figure 2: The relative brancliing ratio Br{x e+e^)/_Br(x 2j) and line strengths arising 
from X ~* e"'"e~ and x ~* 27 decay modes. The e'^e' decay mode dominates within the interesting 
range of moduli masses. For the x ~* e"'"e~ decay mode, 'line strength' corresponds to that of the 
SllkeV line from positron annihilation, taking into account 87 positronium decay. 



ray spectrum requires the positron injection energy to be < 3MeV [|55[] (more conservative 
models may extend this to < lOMeV [^^). The default assumption has to be that the 
positron excess arises from incompletely understood astrophysics associated with e.g. the 
old stellar population of the galaxy. Nonetheless there remains the exciting possibility that 
the excess has an exotic origin, such as arising from annihilating or decaying dark matter 



In 1 60 1 decaying string moduli were considered as possible candidates to explain the 
511keV line. However, due to the above constraints on injection energies, Ei^j < 3(10)MeV, 
the modulus mass can only lie in a narrow window IMeV < rriy. < 6MeV(20MeV). Further- 
more, the 27 decay must be considerably suppressed to avoid a photon line dramatically 
exceeding that of the 511 keV line. In |^0| it was necessary to impose both of the above 
constraints by hand. In this respect the volume modulus x that arises in the large-volume 
models is very appealing. The mass scale arises in exactly the regime required, ~ IMeV, 
to avoid an overly high positron injection energy. This mass scale is closely tied to the 
existence of TeV-scale supersymmetry and thus has a limited range of allowed variation. 
The 27 decay rate also has a substantial parametric suppression in the coupling, by a factor 
(ln(Mp/m3/2))^, compared to the e+e" decay mode. Such a large suppression is essential: 
both phase space effects and the 87 positronium decay make e+e" decays less efficient at 
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generating photons than the direct 27 decay. 

For the decays of the hght modulus to saturate the SllkeV hne, we would require 
~ (a few) X 10~^, depending on the details of the dark matter profile. This follows 
from an identical computation to ( |6.11] ), except using the x ~^ e~^e~ decay rather than 
the X ^ 77 decay model. ^ We can then use the computed couplings of the light modulus 
X to electrons and photons to work out the relative intensity of the 511 keV line from 
X — > e~^e~ — > . . . ^ e^e^ 77 and the monochromatic photon line arising from the direct 
decay of the modulus x ~^ 2^}^ The strength of the SllkeV line depends on the fraction 
/ of e~^e~ pairs that first form positronium, which goes into 2j and 87 final states with 
branching ratios 0.25 : 0.75. Only the 27 decay generates 511keV line emission whereas the 
87 decay gives continuum emission. Assuming all positrons annihilate non-relativistically, 
the relative magnitudes of the 87 positronium continuum and 27 direct annihilation fix the 



fraction of positrons that annihilate via positronium to be / = 0.97ib0.02 [S2|. The number 
of photons produced per x e+e" decay is then 2((1 — /) + 0.25/) = 0.54, in contrast to 
the 2 photons produced per x ^ 77 decay. The relative intensities of the 511keV line and 
the line from direct 27 decay is then 

_ Br(x^e+e-) 0.54 

7^ = — ^4 X • (6-19) 

i?r(x^ 77) 2 ^ ' 

For the P^^^ 1 1 e 9] ™0"^6l analysed in detail in this paper, we plot 7^ as a function of niy^ in 
figure |2[ We see that TZ < 12, which would correspond to a line intensity from direct decay 
of ~ 8 X 10~^photons cm^^s^^. INTEGRAL constrains the strength of new gamma-ray 
lines of ~ IMeV from the galactic center to be < 5 x lO^^photons cm^^s""*^ [49, 50|, 
and so the existence of such a line is marginally ruled out. 

There are however two caveats. The first is that the couplings have been computed in 
the high-energy theory, and so are valid at the scale ~ lO^^GeV. These should properly 
be renormalised down to the scale rriy. ~ IMeV. By analogy with the running of gauge 
couplings, or soft masses in supersymmetric scenarios, this may introduce 0{1) corrections 
to the high-scale coupling constants given in (|3l0| ) and (|1|). The precise results of the 



renormalisation depends on the details of the charged matter at E > ITeV. However, we 
can see that such corrections could easily reduce the strength of the 77 line below the 
observable limit. 



The second caveat is that while the coupling ( 3.18 ) to electrons is model- independent 
- i.e. independent of the choice of Calabi-Yau geometry and the details of the moduli 
stabilisation - the coupling ( ^.10 ) to photons is not and is specific to the ^ 1 g 9] ™odel 



considered here. This is because the derivation of the coupling to electrons depended only 
on the powers of volume present in the matter kinetic terms. This volume scaling can 



^It is argued in that for decaying dark matter to generate the 511keV Une a very cuspy dark matter 
profile would be necessary. However there are substantial astrophysical uncertainties on the dark matter 
profile at small scales, and we also note that as Q,x/^dm ^ the x profile need not precisely coincide 

with the galactic dark matter profile. 

^"This contains the implicit assumption that the locus of positron annihilations and the locus of modulus 
decays are approximately the same. 
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be determined independently of any assumptions about the geometry of the small cycle 
and precisely where the Standard Model is realised. In contrast, the coupling to photons 
depends on the extent to which the light x modulus has a component along the small cycle 
on which the Standard Model is supported. This is more dependent on the details of the 
moduli stabilisation and on the geometry used to realise the Standard Model. 

As the exclusion is only marginal it therefore remains possible that the e^e~ decays 
of the volume modulus could saturate the SllkeV flux while the 27 decays are below the 
currently observable limit. Clearly any future observation of a new gamma ray photon line 
from the galactic centre would greatly clarify this issue. 

We also note that as the mass of the volume modulus is ~ IMeV it is certainly possible 
that < IMeV. In this case the e^e~ decay is not kinematically accessible and there is 
no possibility of accounting for the 511keV line through x decays. 

7. Conclusions 

In this paper we have analysed the spectrum, couplings, decay modes and branching ratios 
of the moduli for large-volume IIB string models. The supersymmetry breaking moduli 
divide into two classes with quite distinct properties. 

1. The first class consists of heavy moduli, with a mass m$ ~ 2\x].{Mp /m^i2)fn^i2- 
For a realistic supersymmetry breaking scale rusoft ~ ^3/2/1ii(-^p/'"T'3/2) ~ ITeV, 
this mass is ~ lOOOTeV. These moduli are coupled to matter at the string scale 
{r^ lO^^GeV) rather than the Planck scale (~ lO^'^GeV). They decay very rapidly, 
with a lifetime r ~ 10~^^s, reheating to a temperature ~ lO^GeV. The couplings of 
such moduli to to gravitini are Planck-suppressed rather than string-suppressed. The 
heavy modulus decay $ — > ■03/2V'3/2 has a branching ratio ~ 10^^*^, and these moduli 
suffer neither from the cosmological moduli problem nor the gravitino overproduction 
problem. 

2. The second class consists of the modulus controlling the overall volume. This has a 

mass m ~ m3/2 (^"^f")^- With TeV-supersymmetry breaking, this corresponds to 
~ IMeV. This field couples to matter at the Planck scale rather than the string 
scale, and is stable on the lifetime of the universe, with a decay lifetime r ~ 
The existence of a light ~ IMeV gravitationally coupled scalar is an extremely robust 
and model-independent prediction of the large-volume scenario. 

The spectrum and properties of these moduli fields are quite distinct to those encountered in 
other scenarios of supersymmetry breaking. In particular, the combination of a light IMeV 
modulus with gravity mediated supersymmetry breaking is a very distinctive prediction of 
the large-volume models. 

While the analysis focused on one particular large-volume model, we anticipate that 
this division will be more general, with many small heavy moduli $j and one light volume 
modulus x-^^ The overall volume dependence of the couplings are expected to be general 

^^For fibrations, there may also exist additional light moduli with m ~ m-i,/2 (-37^) |6^ . 
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whereas the numerical coefficients will vary from model to model, depending on the geome- 
try of the corresponding Calabi-Yau manifold. We also concentrated on the coupling of the 
moduli to QED since electrons, positrons and photons are the only allowed decay channels 
for the light modulus x (neutrino interactions are suppressed by rrij/). The coupling of x to 
QCD and baryonic matter can still be interesting to put constraints on the effects x may 
have at low energies. This can be done on the same lines as |63], where a careful analysis 
was made for all masses of dilaton-like particles like x- The range of masses of x is too low 
to allow decays into baryonic matter and too large to be severely constrained by violations 
of the equivalence principle. 



We analysed the effect of the above moduli spectrum on early-universe cosmology. 
While this moduli spectrum does not solve all cosmological problems, it does provide a 
quite different cosmological evolution. As the heavy moduli are coupled to matter at the 
string scale, they decay very rapidly, creating an early Hot Big Bang with a temperature 
T ~ lO^GeV. The reheating associated with these moduli does not come with a gravitino 
overproduction problem, as the gravitino is only Planck-scale coupled whereas ordinary 
matter is string-scale coupled. However, the light modulus is subject to the cosmological 
moduli problem and will tend to overdose the universe unless its abundance is diluted. To 
dilute this abundance a period of thermal or alternative low-temperature inflation would 
seem necessary; it may be possible to achieve this using the high temperatures generated 
by the decay of the heavy moduli. 

We also analysed the astrophysical consequences of the light modulus, assuming it to 
be present today as part of the dark matter. If this is the case this field may be detected 
through its decays to 27 or e^e~. We computed its couplings and showed that its branching 
ratio to photons is parametrically suppressed by a factor hi{Mp / 111^12)^ compared to the 
branching ratio to e^e^. As the e^e~ branching ratio is dominant, this opens the intriguing 
possibility that the decays of this field are responsible for the 511keV line observed from the 
galactic centre. In this regard the scale of the light modulus at 0(l)MeV is attractive, as the 
positron injection energies are required from astrophysics to be < 3MeV. Using the tree- 
level high-scale couplings for the ^ ^ g 9] model, this possibility is marginally excluded, 
as we showed the 27 decay line would then be slightly stronger than the observational 
bounds. However, these couplings will be affected both by renormalisation to the low scale 
and by differing numerical coefficients that depend on the detailed geometry of the precise 
Calabi-Yau used, and so the possibility that the decays of the light modulus is responsible 
for the 511 keV line therefore remains open. 



Finally, due to the (ln(Mp/m3/2))^ magnitude of the suppression for the monochro- 
matic 27 decay line, it may be argued that if the 511 keV line is due to the e^e~ decay of 
the light modulus, the monochromatic 27 line should be within reach in the near future. It 
is also interesting to notice that the lifetime of the light modulus is in the range that is close 
to being constrained by current CMB data |65| and future observations of the Hydrogen 
21 cm line |66|. 
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A. Moduli Kinetic Terms and Mass Matrices 



The kinetic terms for the moduli fields can be computed from the Kahler potential. As 
we work at large volume, in computing the kinetic terms we drop the a' corrections and 
other terms that are suppressed at large volume. Keeping the contributions to the metric 
at leading order in Tb, we have 



/C 
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In deriving this it is necessary to recall that ^ = To compute the mass matrix we 

need to evaluate the second derivatives of the potential at the minimum. We start with 
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It can be shown after some computation that at the minimum of this potential. 
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Using the results of ([A.4|), we can show that to second order in an expansion in e = l/(4ars): 
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The mass matrix is given by Mjj = ^Vj^j. This is 



3a^|Wo|^ 

11/2 



V 2r, 



4asTs "'^ (4asTs)^ 

"^(^ 5 I 4 \ g^lWbpv / -I 3 I 6 ^ 



(A.8) 



and so 



B. Integrals 
B.l NFW Halo 

For the NFW halo, the integral / dxp{x) we wish to perform is 

rco 



(A.9) 



where 



PoTs I dx , ^— , (B.l) 

' 'o ^{x - ay + /?2(r, + V(x - a)2 + 



a = Rocosbcosl, 
/?2 = i?^(l-cos2 6cos2Z). 



We can rewrite this as 

f oo 



dy- 



We split this integral up: 

fO 



+ / dy- 



We now let y"^ + 0^ = z^, so 



The integral then becomes 

32 



Writing = z + , we obtain 



//3+r. z'^^z'^ -2rsz' + {rl- (3^) Jp+r. z'^^z'^ - 2rsz' + {rj - 
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This is now a standard integral which can be found in integral tables. The indefinite 
integral (a' and f3' have no relation to a and (3 above) 



dz' 



yl2 



+ a'z' + (5' 
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a 



2/3' 



In 



2v//3'(z'2 + aV + /3') + olz' + 2/3' 



After some manipulation, the integral (B.l) becomes porgX{b,l), where 
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(B.2) 



and Ri{b, I) = ^/I^{^^cosHmsHj . 



B.2 Diffuse Background Emission 

Diffuse emission arises from moduli decays throughout the history of the universe. At a 
time t before the present, the scale factor of the universe satisfied ^ = ti— • The moduli 
number density was thus larger, nt{x) = ^o(x)(l + aiid the number of decay events 
between time t and time t + dt was 

N = nt{x)—=nQ{x){l+zf — . 



The photons produced by these decay redshift and now have energies between and 
Ej+dE^, with Ej = 2(i+z) ^ ITz' where we define E' = As the universe is expanding, 
there is a current number density of photons 

dt 



N^{E^)dE^ = 2no(x)(l + 2) — x 



1 + ^ 



of photons with energies between E^ and E-y + dE^. Now, as E^ = we have 



dE^ 



E' dz 
(l + z)2 



dt. 



The relation between redshift z and time t is determined by the matter and dark energy 
content of the universe. For matter density J7m and dark energy JIai we have 



dt_ 1 1 

~ ~!^(l + z)5/2 

_ J_ 1 
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where f{x) = 



Using ^ = 1 + z, we thus have 

This relates the range in departure times of the photons and the energy differences 
they have now. Then 

2no(x) Eh{E'/E^)dE^ , . , ^ , ^ ,^ 

N-y{Ej)dEj = ■ — — ^y- — - photons with energies between E^ and E^ + dE^. 

The energy density per unit volume in decay photons is 
with a photon number density 

N,iE,) = (B.7) 
This converts into a photon flux at a detector observing a solid angle of 

= (dT,) X Ad X {cdt) x (B.8) 

If we observe a solid angle dS, the number of photons arriving in time dt from the diffuse 
cosmic background is then 

^f=^id^) X (Ad) X (dt) X (—y^'fiw-) -W'^E,. (B.9) 

This now gives us the number of arriving photons, s^^sr~^cm~^(keV)~^. We can if we 
wish write this in terms of il^^, using 



I (1— Hm— Ha) I 



^ . We can therefore write dz = _ -^orftCi+z^) ^ ^ 



'^o(x) 

to obtain 



/^(E) = — X Ad X dt X dE-y X { ] —!^E^ — / — — . 
po is the present day dark matter density. 
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